The major purpose of this study is to provide a framework for determination of energy losses resulting from mechanical impacts of the kind that could occur during nuclear decommissioning of waste material. Measurements have been made of final translational and rotational velocities for impacts between projectiles of different length and a massive barrier. This enabled determination of experimental values of the impact coefficients and energy losses. It was found that the total energy losses could be accurately accounted for by the sum of those pertaining to the normal and tangential processes, thus indicating that these include any losses due to vibration. The results obtained clearly support an Amontons-Coulomb friction model and the previously held contention that there is a limiting value for the impulse ratio at low angles of barrier inclination. Although sliding surfaces are likely to be modified during impact, it is shown that any original contamination on the contacting surfaces results in a very large decrease in impulse ratio or friction coefficient. This represents an important finding in the context of mechanical ignition testing indicating that the state of the impact surfaces and their handling need to be taken into account. The difficulties in establishing appropriate values for the impact coefficients and dealing with the effect of mechanical vibrations on the energy losses are discussed and equations derived for determining the tangential and normal energy losses from known initial velocities.
Notation
direction of distance from centre of gravity ( defined in Fig.1) 
Introduction
Hydrogen explosion hazards have been recognised for many years in the nuclear industry, often in respect to loss of cooling incidents in power plant. They have also been a particular concern in relation to waste storage decommissioning and reprocessing operations with hydrogen produced by corrosion or radiolysis being held up in the waste sludge. Disturbance of this sludge together with possible mechanical impacts occurring during decommissioning could lead to the generation of ignition sources and deflagration. The major purpose of this study is to provide a framework for understanding and assessing the likely energy losses resulting from such mechanical impacts. Of most interest are the energy losses associated with tangential displacement between the contacting surfaces that result in a localised increase in temperature [1] sometimes sufficient to cause the ignition of a flammable atmosphere. Impacts can arise through movement of waste debris, failure of robotic arms or simply through accidentally dropped tools striking a barrier under the action of gravity. Ignition of flammable hydrogen atmospheres is readily caused by friction generated by clean metal surfaces sliding against each other where the mechanical loading and sliding velocity are sufficient to result in surface temperatures exceeding about 700°C for the necessary induction time period [2] . If pyrophoric substances such as Magnox-containing material from spent fuel cladding are present on the contacting surfaces, ignition becomes possible under much reduced loading conditions and sliding velocity [3] . The conditions necessary for ignition to occur when drop weight or glancing impacts are involved have also been investigated [4] [5] [6] , indicating that contact surface temperatures lower than 500°C generated by impact can result in ignition when pyrophoric substances are present. To better understand the relevance of these studies it is necessary to have fuller knowledge of how energy is dissipated during such impacts, particularly those occurring during drop weight tests where the nature and source of the uncertainties is of considerable interest. It is also of importance to determine the effect of surface contamination on the manner in which energy is dispersed during impact. In order to simplify the analysis of losses occurring over the entire contact period impulse-momentum methods were used. The assumption that impacts occur instantaneously (implicit in the impulse -momentum approach) poses few problems, since information relating to the dynamics occurring during the impact period is of much less interest than determination of the final translational and angular velocities. These velocities are required to establish the energy losses. As Brach [7] points out, the simplicity of classical impact theory is that it uses coefficients of restitution or friction (impulse ratio) to represent "the nasty behaviour that occurs at the interface in an impact". Although estimates of impact coefficients are often employed in predicting final velocities after an impact, appropriate experimental values are necessary for their proper evaluation and understanding. These coefficients are treated as constants in the system equations used to describe impact but there may be significant deviation from constancy in the real world owing to the influence of the material, surface condition and geometry of the impacting bodies as well as the initial velocities. To assess their usefulness in a practical context, it is thus necessary to determine experimental values and to explore their applicability over a range of impact angles and velocity.
In this paper, the relevant system equations relating to drop weight impacts are described (adopting Brach's [7] approach) and experimental results relating to impact velocities and coefficients presented. Disregarding the common assumption of point contact, Brach's more generalised concept of contact moment impulse is employed in the determination of final impact velocities and following from this the energy losses.
System equations for drop weight impacts
Painlevé [8, 9 ] highlighted a paradox in a simple rigid body contact problem (a planar box or rod rotating under gravity with its lower end contacting an horizontal rough surface) where a solution did not appear possible using rational impact mechanics and Admontons-Coulomb friction Law. If the friction coefficient is sufficiently large then before the contacting body separates and lifts off, it can assume a configuration (dynamic jam), indeterminate with respect to what follows. The possibilities are that the body either rebounds from the contacting surface or it rotates and digs into it. "It is as if there is a negative normal force pulling the tip into the surface" [9] . It follows that application of the friction law and Newton's Law of restitution becomes problematic since a so-called impact without collision may be indicated whereby an impulsive jump occurs to reduce the slip velocity of the tip to zero. Zhao et al. [10] have studied the Painlevé paradox at a slender uniform 3D rod and explained how a tangential stick occurs at the contact point during the impulsive process (where f > 4/3). It should be noted, however, that under conditions where the mass is not uniform and concentrated near the centre of gravity the paradox can be shown to arise with low friction. Brach [7] dealt with the problem of improperly handling friction in collision problems by distinguishing the friction coefficient from the impulse ratio. In his impact model, a critical or limiting value of the impulse ratio (µ c ) exists that maximises the kinetic energy loss and which cannot be exceeded by any ascribed value of friction coefficient. This can be considered as a useful concept for many safety-case engineering applications in that µ c is associated with the most pessimistic (i.e. largest) value of energy loss.
To characterise the amount of energy lost due to inelastic deformation during a collision, there are alternative definitions to the "kinematic" definition of the coefficient of restitution which relates the normal velocities of rebound and approach. The "kinetic" coefficient describes the ratio between the normal impulses for the restitution and compressive phases of the contact period. The "energetic" coefficient which relates the retrieved energy after impact to the initial energy has the advantage of being independent of the tangential impulse but leads to the considerable inconvenience of having to deal with non-linear equations.
For two-dimensional impact representation, Brach [7, 11, 12] made three assumptions in order to determine the final velocities after impact. (i) The coefficient of restitution is defined kinematically to include translational and rotational components: it represents the ratio in the normal direction of the final to initial (just before) impact velocities at the contact point or region. (ii) Ratio of the tangential to the normal impulse has a limiting value related to friction: there is a critical value µ c , dependent on the angle of incidence, beyond which sliding ceases. (iii) Contact forces between colliding bodies may be distributed throughout a contact region rather than at a point requiring the introduction of a moment and moment impulse at the region. The moment restitution coefficient e m indicates the presence of a moment and its corresponding impulse over the contact surfaces.
Impacts involving drop weight projectiles onto a massive barrier or anvil used in ignition studies [4] represent a special case in terms of impact dynamics. Because one of the two impacting bodies is fixed, with no or little freedom of movement, velocity change of this body is very small and can usually be neglected leading to a simpler solution. Momentum is not conserved during these collisions because momentum imparted to the barrier is lost through interaction with its surroundings: i.e. the projectile and anvil are not only interacting with each other. Consequently it is not possible to express a system equation for this case in terms of momentum conservation. However, since only the velocity changes relating to the drop weight projectile are involved it is possible to represent such impacts with just three system equations specified with coefficients of restitution e, impulse ratio µ and the moment restitution e m . With reference to 
where
Such linear system equations are easily solved for the unknown velocities V n , V t and Ω.
For convenient solution the coupled equations can be expressed in matrix form A with column vectors b and x: their elements are summarised in Table 1 . 
Relating to drop weight experimental tests, a number of assumptions can be made to further simplify Eq. 1 -3. The only external impulse (i.e. those which would still exist when the bodies are not in contact denoted by suffix 1) that cannot be effectively eliminated in experimental tests is that due to gravity. However, for these impacts, its effect can be disregarded. If a large massive barrier is used then v bn can be taken as zero as of course can the initial angular velocity w for vertically dropped projectiles. It is further assumed that change in shape of the projectile will be insignificant so that
Under these conditions the system equations reduce to 0
If tangential motion ceases at or prior to separation, then Eq. 10 is replaced by the simple condition
corresponding to a critical value µ c of the impulse ratio.
In this case the moment restitution coefficient for impact onto a massive barrier is defined by the expression
Because of the independence of translational and rotational motion, the tip velocities after impact are easily determined taking into account the centre of mass translational velocities and the angular velocity
The impact coefficients are obtained from experimentally determined velocities
It is seen from Eq.13 and 18 that the value of the moment restitution coefficient effectively represents the nature of the rotational kinematics as well as the distribution of forces in the contact region. When e m = -1, the moment impulse M = 0 and the planar forces are effectively represented as point forces at a given point. On the other hand, e m = 0 implies that Ω = 0 and is indicative of a perfectly inelastic angular impact. It is less readily seen (but can be shown [7] ) that e m = 1 corresponds to an impact that is perfectly elastic.
Determination of energy losses
Energy losses during an impact are related to the work done by the impulses where the partial work done by each component of impulse is equivalent to the change in kinetic energy brought about by the contact forces. It is intuitive that energy losses on impact can be expressed in terms of impulse components and average of the velocity change; this follows since work is the time integral of power (i.e. F i × v i component).
The partial work done on impact by either the normal or tangential components of impulse is given by the scalar product of the impulse component and half (i.e. average) of the sum of the respective initial and final velocity components.
The normal and tangential energy losses can thus be shown respectively to be
However, as noted by Stronge [13] , Brach [7] and others, anomalies will arise if there is any change of direction during impact. This can give rise to apparent (erroneous) gains rather than losses of energy so that when contact velocities are not unidirectional, it would be necessary to split the overall contact period into discrete periods of unidirectional sliding. Brach [12] considers arbitrary subintervals of time within the contact duration for eccentric impacts with a slender rod and computes changes in the impulse ratio and tip velocities when contact involves stop and reverse. An equation is given to determine µ over any sub interval of time (t b -t a ), necessary for the determination of subinterval energy losses. Expressed in the notation of this paper:
Assuming, however, that only unidirectional sliding (and possibly stopping) occurs and taking into account Eq. 9 -12 and 20 -21, expressions for the energy losses can be derived in terms of the three impact coefficients with known initial velocities.
( )
Noting that the kinetic energy (E r ) retained by the projectile after impact is given by the sum of the translational and rotational components
It follows that, if all of the energy loss after impact is accounted for by E lt and E ln , then the sum of E lt , E ln and E r should be similar to the initial impact energy.
Method of experimentally determining impact coefficients and kinetic energy losses
There are difficulties in releasing a body to fall vertically without imparting some degree of side thrust that initially alters its trajectory. The mechanism finally chosen is shown schematically in Fig. 2 . A Perspex guide was carefully machined and the projectile body polished to allow the projectile to slide easily without side movement and without lubrication. A slot was cut into the guide so that the projectile was held in close proximity (not touching) to a powerful electromagnet (9W 1400N holding force). Because the face of the magnet was vertical this ensured that when the current was switched off there was no sideways thrust or angular velocity imparted to the projectile. The electromagnet itself was attached rigidly to the supports so that the projectile could be held in the same position throughout a sequence of tests. With this arrangement, it was found that projectiles dropped from a height h = 0.82 m impacted the test plate with a position randomly displaced by no more than ± 2 mm. The initial translational velocities on impact with a barrier inclined at an angle α (c.f. Fig. 1 ) are given by
Three medium carbon steel projectiles were used in the study cut from 19 mm diameter rod with measured mechanical properties: YP 546 N/mm 2 , UTS 592 N/mm 2 , E = 219 GPa and hardness 235 HV. The first of these, of overall length 0.24 m had either a machined tip with a 7 mm radius hemispherical end (profile A) or a cut and machined faced end with a 3 mm radiused edge (profile B). Other projectiles, of lengths 0.12 and 0.08 m were similarly machined to achieve a tip with profile B. In all cases after impact there was some permanent damage to both the projectile tip and barrier plate necessitating renewal of the surfaces by further machining with clean lathe cutting tools. For each projectile, the centre of mass was found by balancing on a knife edge and a tracking marker attached. A second tracking marker was attached near to the tip to allow the determination of change in angular velocity after impact. This is shown in Fig 3 together with an image of a typical indentation made during impact.
The body of the main anvil with 4 / π α = (45°) was constructed from a large billet section of steel (0.3 m x 0.15 m diameter) robustly welded onto a 12 mm thick steel plate securely bolted to the concrete floor. High speed video images confirmed that the movement of the barrier during impacts (i.e. v bn ) could be neglected even with impacting projectiles heavier than those employed in this study. To obtain measurements for lower velocity impacts with 4 / π α ≠ a variable angle steel barrier (also shown in Fig. 2 ) was used. Again, it was confirmed that insignificant movement of the barrier occurred during experimental impacts. Test plates of plain carbon steel (YP 320 N/mm 2 , UTS 446 N/mm 2 , E = 206 GPa and hardness 163 HV) which could be resurfaced and repositioned as required were tightly bolted onto either of the steel barriers. After machining, the surface profile condition was measured with a Taylor Hobson Surtronic 10 surface roughness profiler and a typical value of 3.9 obtained for Ra (average profile height deviation from the mean). In some cases, as noted in the text, both the projectile impact surfaces and anvil plates were carefully cleaned just before tests were carried out. This was accomplished in an ultrasonic bath with HFE 71DE (Methoxynonafluorobutanetrans-1,2-Dichloroethylene 1:1 azeotrope) at 25 ºC for 10 minutes [14] .
A Photron Fascam-1024PCL 100K high-speed camera was used to record the impact events, utilising a frame speed of 10,000 FPS at a resolution of 512 x 128 pixels. With suitable modification of the information files it was possible to use Olympus "Deluxe" i-Speed software to calibrate and analyse the video images with respect to final translational and rotational velocities; a typical tracking image for an impact is shown in Fig. 3 . V t and V n were obtained by tracking the marker positioned at the centre of mass whilst the tip velocities V ct and V cn were determined from the movement of the lower marker. In order to determine rotational velocity it was necessary to consider the relative movement of both markers. In all cases, the final velocity values were determined from the mean of 40 frames (i.e. 4 ms) immediately after separation. Direct comparison of calculated values of v n and v t with experimental values indicated that the error attributable to the tracking procedure was less than 2%. Although calculations of d c and d d can be made using Eq. 6 and 7, significant errors in determining the impact coefficients can arise if these do not properly reflect the geometry and impact point of the tip. Because the tip geometry affects both the centre of mass of the projectile and the exact location of the impact contact, calculated values of d c and d d for the 0.24 m tipped projectile were confirmed graphically from scale drawings of the projectile and anvil. This was of greatest importance for tips of profile A. Normal and tangential energy losses that occurred during impact were determined directly from the measured translational and angular velocities using Eq. 20 and 21. The KE retained by the projectile after impact was then determined from Eq. 26 so that direct comparison could be made between the sum of E ln , E lt and E r and the initial impact energy.
Experimental Results
An initial set of experiments was carried out to explore the nature of the variation in the impact coefficients using tips and anvil plates that had been lightly handled. This corresponds to typical circumstances in the use of test materials in mechanical ignition testing of flammable gases where impacting surfaces may be contaminated by fingerprint residues and stored in the laboratory before use. The composition of bodily perspiration has been extensively studied for medical and forensic purposes. Girod et al [15] have described the composition of fingermark residues as a complex mixture of numerous compounds arising from three sources, dermis, eperdermis and extrinsic contaminants. The results of impact tests carried out with freshly produced finger residue contaminated surfaces are given in Table 2 . These clearly reveal the variation in the measured afterimpact velocities and the determined impact coefficients that can randomly arise from tests carried out under the same nominal experimental conditions. Bivariate plots of the impact coefficients (Fig. 4) show that there is no significant correlation between any of the coefficients indicating that their variation seems is quite independent. During the tests, considerable acoustic noise (longitudinal vibration) occurred on impact and clear indication of transverse vibration was observed in the digital imaging of the projectile motion after impact contact had ceased. In all the tests, the sum of the impact energy losses E ln and E lt together with the retained KE (E r ) show a close similarity with the initial impact energy. To investigate the influence of surface cleanliness, a series of tests was carried out with different surface conditions: (i) freshly machined and uncontaminated (ii) fingermarked and (iii) cleaned. It can be seen from Table 3 that freshly machining the projectile and barrier impact surfaces had a pronounced effect on µ, more than doubling its value when compared to the contaminated surface condition. A smaller but significant change in the magnitude of e can also be noted, with e being smaller for freshly machined rather than contaminated surfaces. Regardless of the surface condition, little variation in e m from a value of -1 was apparent indicating no change from zero angular impulse moment. Energy losses, determined from the measured velocities after impact, were considerably influenced by the surface condition, rising from around 50% of the impact energy for the contaminated surfaces to more than 90% for those freshly machined. Cleaning the contact tip with HFE 71DE after handling and surface contamination, whilst considerably increasing the impulse ratio did not completely restore the tip to the same condition as being freshly machined. The impulse ratios were slightly lower than for the freshly machined surfaces irrespective of whether wipe cleaning or ultrasonic cleaning was employed. At this stage, tests were also conducted to determine the effect of combustion flames on the impacting surfaces. Contaminated surfaces were subjected to several seconds of flaming from a portable propane torch before undergoing impacts under similar conditions to those reported in Table 3 . No significant changes to the measured impact velocities and impact coefficients were recorded indicating that the surface contamination was not removed. All further experiments were carried out with freshly machined impact surfaces.
Acoustic noise and transverse vibration was found to be much less evident with impacts involving the shorter projectiles. In the case of the intermediate length projectile (0.12 m long), both µ and e values (Table 4) were significantly reduced when compared to the results obtained for the longer projectiles. As with the previous tests, the mean value for e m remains consistent with zero impulse moment and the determined energy losses can be accounted for in relation to the impact energy. Tests to investigate the effect of changing impact velocity and anvil barrier inclination were conducted using the smallest length projectiles (0.08 m long). Table 5 gives experimental values of final velocities and impact coefficients for α = 45° with impact velocities between 1.3 and 6.1 m/s (corresponding to an impact energy range of 0.15-3.25 J). From these results, it is apparent that there is some tendency for the values of µ and e to vary with the impact velocity, particularly in the latter case where e changes from a mean of 0.407 at 1.3 m/s to 0.273 at 4.2 m/s (1.56 J impact energy). Over this range of velocity change, the mean value of µ decreases from 0.624 to 0.493 and there is evidence of more significant variation of e m than hitherto. In these tests insignificant longitudinal or transverse vibration was observed even at the higher impact velocities.
Finally, the influence of the test angle α on the impact coefficients was examined using the variable angle barrier (shown in Fig. 2 ) set at angles of 17°, 25°, 37°, and 60°. The results of tests carried out at these angles with similar impact energies are shown in Table 6 whilst corresponding results for an angle of 45° are included in Table 5 (sequence "b"). A number of observations are pertinent: (i) the impulse ratio decreases as α decreases below 45°.
(ii) e m shows considerable variation and changes to a mean of -0.47 at α = 17° from a value of -1.0 at α = 60°. (iii) e tends to decrease in a fairly consistent manner as α increases and (iv) as in all previous cases, the sum of measured energy losses for each angle closely relates to the initial impact energy.
Discussion
Before discussing individual aspects of the impact behaviour, two important general findings should be emphasised. It is first of all clear that even under the same experimental conditions there are substantial variations in (i) the measured velocities after impact and (ii) the resultant calculated impact coefficients. Moreover, within the range of these uncertainties which occur under similar test conditions there does not appear to be any correlation between any of the impact coefficients. An interesting implication is that a significant proportion of the variance in ignition probabilities determined from drop weight experiments [4] should be attributable to random effects in the mechanical impact process rather than to the combustion process itself. In the combustion process, initial heating up of the gases near the hot frictional surfaces creates a local volume element (ignition kernel) of hot gas that will continue (or not) to get hotter until ignition occurs. This is influenced by the diffusion and turbulence conditions of the gas mixture (subject to local variation) and to the surface temperature generated during impact and the duration of its influence [1] . Variation in the impact process and the dispersion of energy will manifest itself in changes to the generated surface temperature and thus the likelihood of ignition. A second major finding is that it can be observed from the test results reported in Table 2 , 4, 5 and 6, that in all cases the sum of tangential, normal and retained kinetic energy values after impact is closely similar to the initial impact energy. This clearly suggests that all of the energy losses that occur during impact are accounted for in the sum of the normal and tangential components, inferring that these include those from all sources: i.e. heat, vibration and any plastic deformation. Of particular interest in this context is the behaviour of the long (0.24 m) slender projectiles where significant vibrations and acoustic noise were observed during the experiments although all of the energy losses were still accounted for by normal and tangential effects. With eccentric impacts of the kind described in this paper, both compressive longitudinal (sound) and transverse waves will be `generated in long projectiles. The first of these will result in acoustic noise whereas the latter will be manifested as bending of the projectile during and immediately after the impact: the result of these vibrations is to reduce the amount of the energy loss that can be associated with sliding friction, viscous friction or plastic deformation effects. In particular, the loss due to vibration must reduce the amount of the tangential energy loss that can be associated with frictional processes and so, in this respect might represent a significant error when considering the surface temperature increase during an impact. Most of the energy of impact which is converted into vibration will eventually be transformed via a frictional process to manifest itself as heat in the bulk of the projectile, anvil/barrier and its surroundings (and thus will not significantly contribute to a temperature increase at the contact zone). Although it can be surmised that the amount of energy lost acoustically will be very small or even miniscule, further study carrying out sound measurements in a controlled acoustic environment would provide substantive evidence. The use of laser vibrometry or stress wave analysis techniques (SWAN) could also help in gaining an understanding of the role of vibration in determining energy losses in the impact process.
The insignificant vibration noted in the experiments using the smaller projectiles is in agreement with their lower "slenderness coefficients". According to Stoianovici and Hurmuzlu [16] who studied the rebound velocities of freely dropped bars onto an external surface, these slenderness coefficients indicate the applicability of rigid body impact dynamics for particular projectile shapes and sizes. Essentially, the slenderness coefficient factor identifies the class of collision problems where the coefficient of restitution is invariant to the inclination angle. For the steel bars employed by Stoianovici and Hurmuzlu, the slenderness coefficient (γ) range which suggests applicability of rigid body theory is given by 45 . 26
So that γ is approximately 57, 29 and 19 respectively for the 0.24, 0.12 and 0.08 m long projectiles used in the present study. These are in accordance with the much more significant degree of vibration effects observed with the 0.24 m projectile and can be interpreted here in terms of the extent to which the normal and tangential energy losses include components arising from vibration
The degree to which fingermark surface contamination influences the impact coefficients is immediately obvious from the results given in Tables 2 and 3 . A newly produced clean surface causes a reduction in e suggesting that both elastic and plastic behaviour is influenced by surface contamination. Freshly machined impact surfaces resulted in much higher impulse values µ (typically more than twice as great as those for contaminated surfaces) which implies a clear association with frictional processes. This conclusion is further supported by the similarity of the impulse ratio values of the contaminated surfaces to sliding friction coefficient values measured previously [1] . Predictive calculation of the energy losses with Eq. 23-25, for conditions appertaining to Table 3 , shows that increasing µ from 0.32 to 0.72 will increase the proportion of the energy losses (w.r.t. impact energy) in accordance with the experimental observations (i.e. from ≈ 50% to > 90%). This has clear implications concerning the generation of surface temperatures.
Cleaning the surfaces with an HFE based azeotrope (HD71E), whilst increasing the impulse ratio or friction coefficient, was not able to completely restore the surfaces to the pre-contamination state suggesting that tiny amounts of contamination, possibly of mono-molecular thickness were left on the surfaces. Whilst it is well known that such amounts of surface contamination can greatly affect sliding friction effects, the effect of plastic deformation during impact might suggest that new impact surfaces are created negating the influence of the original contamination. Since this is clearly not the case, it represents an important finding in the context of ignition testing indicating that the state of the impact surfaces and their handling need to be taken into account. The lack of significant change to measured impact velocities and impact coefficients when contaminated surfaces were subjected to several seconds of flaming is also of interest in relation to ignition testing: it can be taken that ignition test results in a sequence will not be influenced by preceding ignitions having occurred. The difficult question remains however, as to whether friction coefficient values relating to contaminated or uncontaminated surfaces should be used in practice for predicting energy losses where impacting surfaces will most likely be contaminated.
Examining the pattern of variation of the moment restitution coefficient e m , it is apparent that the coefficient for the larger projectiles is consistently very close to a value of -1 corresponding to zero moment impulse with point forces at the contact. However, there is much more variation in the value of this coefficient with the smaller projectiles particularly with the low impact test angles. At 17° impact angle ( Table 6 ) the value of e m is significantly and consistently larger than for larger impact test angles and there seems to be a clear trend for it to decrease with the impact angle. In reality, impacting bodies cannot sustain non-zero forces at a single contact point and contact will occur over an area or region. Within the curved impact area of the projectile different points may be making contact with the anvil surface particularly if the projectile rolls, sticks (as is the case with low angle impacts), deforms or partially interlocks during the impact. In consequence it can be considered likely that the moment impulse would increase in value (n.b. Eq. 13) as e m increases with diminution of α.
The experiments carried out with impacts at different anvil test angles reported in Table 6 showed that for angles of 37° and lower, the tangential contact velocities changed direction (pre-impact contact velocity is equal to v t ) indicating that at some point sticking occurred with V ct = 0 before reversal of motion. Gillardi and Sharf [17] have given a useful description of graph impact analysis distinguishing between the ranges of impulse ratios associated with conditions of sticking and slipping followed by reverse motion. The latter condition is considered to arise [18] when sticking occurs before there is maximum compression during the approach impact phase. To find the critical impulse ratios corresponding to cessation of motion prior to separation, Eq. 10 was replaced by Eq. 11 as one of the system equations to determine The impulse ratio for angles where sticking was not observed, i.e. 45 and 60°, are similar in value to the sliding friction coefficient for these materials 2 whereas at smaller angles the impulse ratio is in alignment with the critical impulse value. This clearly gives support to (i) the applicability of the Amontons-Coulomb friction model to describe the tangential impact process and (ii) the contention of a limiting value of the impulse ratio for low impact test angles as proposed by Brach [7, 11, 12] . Brach defined a limiting value for impulse ratio such that under any condition the value of the tangential impulse can never be greater than µ c P n. . For impacts of a rigid body against a massive barrier, µ c corresponds to the situation where sliding stops at separation.
It is interesting to explore the energy losses which occur during the low test angle impacts. From Table 6 it can be seen that, even though sticking has occurred with reverse motion, the sum of the energy losses together with the KE retained after impact is very close in value to the impact energy supporting the validity of the calculations. However, if values of impulse ratio greater than the critical value are used in any prediction of impact energy loss then unrealistic negative values of energy losses (i.e. with tangential energy gain) become possible. This is illustrated in Fig. 6 Figure 6 . Prediction of total energy losses (E lt + E ln ) for the 0.08 m projectile impacting the variable angle anvil with restitution coefficients given in Table 5 (series b) and 6.
It is apparent that the critical impulse ratios are associated with total energy losses that are close to the maximum values. As Brach points out, this is a useful concept for many practical applications since it leads to prediction of maximum energy losses. This also has relevance to the development of safety case presentations in the nuclear industry since maximum energy losses would be associated with pessimistic probabilities of mechanical ignition. The proportion of the total energy loss associated with sliding friction is of most interest from the perspective of this study. Normalised energy loss values shown in Fig. 7 suggest that (for these impact conditions) the maximum total energy losses occur at approximately 45° whereas the maximum tangential energy loss appears to correspond to a slightly higher angular inclination (≈ 50°). Finally, the usefulness of the impulse momentum approach must be considered in relation to its ability to provide a relatively straightforward means of determining energy loss values for the eventual estimation of surface temperature rises. It has been shown that tangential and normal energy losses values can be obtained that accurately account for the original impact energy. These energy losses may be determined from experimental values of the final velocities and angular motion (Eq. 20 and 21) or by employing Eq. 23-25 with the initial velocities and apposite values of the impact coefficients (e, e m and µ). For practical purposes the issue is whether or not realistic values of the coefficients can be obtained for use with these expressions. For many impacts, the selection of a value for the coefficient of moment restitution may be relatively uncomplicated without the possibility of too much error being introduced. The value of the impulse ratio employed should not exceed the critical value and must take into account the condition of the impact surfaces which mostly determines the friction coefficient. From the results presented in this study it is apparent that the most important influence on the magnitude of the impulse ratio is contamination of the impact surfaces. It is widely recognized that the coefficient of restitution can show significant variation in value due to the influence of material properties, projectile shape, initial velocities and whether multiple collisions occur during impact [16] . Such variation is apparent from the experimental results given in Table 2 to 6. In Table 5 , for example, it can be seen that the value of e tends to reduce as the initial impact velocity increases, representing typical behaviour for most rigid impact scenarios.
There are clearly difficulties associated with selection of appropriate values of impact coefficients and in some cases it might be necessary to consider arbitrary subintervals of time within the contact duration as described earlier (n.b. Eq. 22). To more fully understand the kinematic behaviour of sticking and reversal of the contact tip motion would require a faster video imaging system than employed in this study. However for many situations, unidirectional sliding can be assumed and the approach detailed here be considered to offer a relatively straightforward and useful means of assessing impact energy losses.
Conclusions
Full experimental details with measured velocity components have been provided for a test programme of impacting projectiles onto a massive barrier. Of major importance in the context of ignition testing involving mechanical stimuli, it was found that (i) there was substantial variation in the measured velocities after impact under closely similar test conditions and (ii) the presence of surface contamination on the impacting surfaces (resulting from exposure to the laboratory atmosphere and light manual handling) was sufficient to more than halve the measured values of the impulse ratio. It has been further shown that in all the tests carried out (even with long projectiles that exhibit very significant longitudinal and transverse vibration following impact) the entire energy loss can be accounted for in terms of normal and tangential components. Useful expressions have been derived to enable these components to be determined given knowledge of the initial velocities and the three impact coefficients. It is concluded that the experimentally determined energy losses include the effects of vibration so that the fraction of the tangential energy attributable to friction effects (which would result in the generation of a surface temperature increase) would be reduced according to the extent of the vibrations. It was determined from the high speed digital imaging, however, that such vibrations were insignificant with the shorter projectiles employed in the majority of the experiments.
The experimental data obtained in this work supports the approach taken by Brach [7, 11, 12] in several respects: (i) The concept of contact moment impulse appears to be appropriate to the experimental impacts with realistic values of the coefficient e m being recorded. In many cases, the value of e m was found to be close to -1, indicating zero moment impulse and that the planar forces are represented as point forces at a given point. (ii) The results of experimental tests conducted with varying barrier inclination angles gives clear support to the applicability of the Amontons-Coulomb friction model to describe the tangential impact process and Brach`s postulation of a limiting critical impulse ratio at low inclination angles. These experimental results are also of interest in showing that under these impact conditions the maximum total energy losses occur with barrier angles at roughly 45° whereas the maximum tangential loss (which would relate to maximum surface temperature increase due to sliding friction) corresponds to a slightly higher angular inclination.
In spite of the difficulties associated with selection of appropriate values of impact coefficients, it is finally concluded that given the great complexity of impact phenomena with its many variables and uncertainties, the moment impulse approach offers a relatively straightforward and useful means of assessing impact energy losses. Determination of energy losses in this manner should offer a future means of assessing likely surface temperature increases resulting from impacts of the kind which could cause ignition of flammable atmospheres. Table 5 
